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Today’s seminar – May 16  
Andres Santander-Syro 

CSNSM-Orsay  
Novel two-dimensional electron systems at 

the surface of transition-metal oxides 

Image: Synchrotron Radiation Center, Madison, Wisconsin 



MIT in Nickelates RNiO3 

R.Sherwitzl, PhD thesis, Geneva 2012 Adapted from Catalan, Phase Transitions, (2008)

Early work: Demazeau et al. (Bordeaux, Hagenmuller’s group 1971) Lacorre,  Torrance et al. 1992 (IBM San Jose & Le Mans)
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Many Figures below are from the following publications:  



Why are Nickelates interesting ? 
Why renewal of interest  

in recent years ? 

•  Controllability / Tunability ! 
•  Thin films and heterostructures open new 

avenues for these materials. 
•  Have been proposed as a way to engineer 

a synthetic superconductor  
through control of orbital degeneracy 



Bandwidth Pressure 
Size of rare-earth 
Distortion 
Tolerance factor 
3d,4d,5d metal 

Strained thin films and 
heterostructures 
 
Control by Light pulses 
/`non-linear phononics’  

Crystal field,  
Orbital degeneracy 

Size of rare-earth 
Distortion 
Tolerance factor 

- Same - 

Filling of shell, 
Electron density 
Doping 

Chemistry Ionic liquids 
Gating 

Sr,Ca2+ à La, R 3+ 

Interaction strength 3d,4d,5d metal Tunable dielectric gating ? 
Light ? 

Charge-Transfer Change apical 
oxygen distance 
Change ligand:  
Oà S, Se… 

Light ? 

CONTROL: Traditional and Novel routes 



Controllability by: 
Strain, Gating, Light…  
Nickelates have it all ! 

•  Beautiful work by several groups over recent 
years, e.g: 

•  Triscone et al. - Geneva 
•  Keimer et al. – Stuttgart 
•  Cavalleri - Caviglia et al. – Hamburg 
•  Ahn et al. – Yale 
•  Stemmer et al. – Santa Barbara 
•  Chakhalian et al. - Arkansas 
•  Hwang et al. – Stanford 
•  Bibes, Barthelemy et al. – Thales/Palaiseau 
•  Stephan, Gloter et al. – LPS-Orsay 
•  and several others… 



NdNiO3 
ß Strain control 
Scherwitzl et al.  
PRL 106, 246403 (2012) 

Ionic liquid gating control 
R.Scherwitzl et al. 
Adv. Mat. 22, 5517 (2010)  

ß Light control 
Caviglia et al.  
PRL 108, 136801 (2012) 



Sensitivity to pressure in bulk  
 à Sensitivity to Strain  

in Thin-films/Heterostructures 
e.g. Nickelates: 



Canfield et al.  
PRB 1993 
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LaNiO3: 3.84 Å pc

NdNiO3: 3.81 Å pc

Strain-Control by growth on different substrates: RNiO3

R.Scherwitzl PhD thesis@Geneva 



Compressive strain: 
-  Does not change much resistivity in metallic state (~ 50%) 
-  Efficiently shifts MIT to lower T, even complete suppression: à NNO ~ LAO 
Tensile strain: 
- Increases resist in metallic phae 
- Smaller shift of MIT to higher T (except KTO: disorder ?) 
 R.Scherwitzl PhD thesis@Geneva 



Possible applications ? 
•  Bolometers 
•  `Piezoelectronic’ transistor (PET) 
•  ``Synaptic’’ devices (e.g. Ha et al. Phys Rev Applied 2, 064003, 2014)  

•  `Control of MIT by voltage pulses  
à Resistive RAMs 

Schematic design of a piezoelectric transistor 
(IBM) 



A creative proposal: turning a nickelate  
into a superconducting cuprate-like material by 

strain-engineering ?  
Chaloupka and Khaliullin, PRL 2008 
Hansmann et al., PRL 2010 Modern alchemy… ? 





``Orbital engineering’’ in oxides 
LaNiO3 
Naïve ionic counting: Ni3+ à d7  
Low-spin configuration: 
6 electrons in filled t2g 
1 electron in eg doublet 
(1/4-filled band) 

Can we split apart the dx2-y2 
and the d3z2-r2 orbitals by  
tensile strain  
(contracting c-axis) 
or heterostructuring ? 



Analogy with the electronic 
structure of cuprate hi-Tc 

superconductors 
•  La2CuO4: Cu2+ d9 shell 
•  t2g filled (6 electrons) 
•  Large Jahn-Teller deformation of octahedra with 

c>a: 3z2-r2 is favored, fully split and hence filled 
by 2 electrons 

•  Remaining: 1 electron in x2-y2 band (1/2-filled) 
•  Nickelates: By splitting eg shell: empty 3z2-r2  
and ½-filled x2-y2 ?    



Band-structure of LaNiO3 
in idealized tetragonal structure 

Fat bands: 
Red – z2 
Blue – x2-y2 

Peil et al. PRB 2014 

ß Unstrained 
Bottom: 3.6% tensile strain  





1/1 LaNiO3/LaAlO3 Heterostructure 
Band-structure (LDA): 
Stabilisation of the x2-y2 orbital under tensile strain 
Destabilisation of the 3z2-r2 orbital 

   From Hansmann et al. PRL (2009) 



Electronic correlations enhance orbital 
polarization in a d1 2-orbital shell 

•  Atomic limit: Full polarization as soon as 
crystal-field splitting Δc>0 

•  ¼-filled Mott insulator: Δc > c t2/U 
•  Non-interacting limit: Full polarization for 
Δc>D, ½-bandwidth 

•  Correlated metal: Effective bandwidth 
reduced by correlations (Brinkman-Rice): 
Δc > Z.D  



Orbital polarization in a ¼-filled 2-orbital Hubbard 
model: DMFT, from Poteryaev et al. PRB 78, 045115 (2008) 

Fully Polarized Metal 

Partially Polarized  
Metal 

Fully Polarized Mott Insulator 

See also: Manini et al. PRB 66, 115107 (2002) 



Hansmann et al. (PRL 2009, PRB 2010) performed 
DMFT calculations using a 2-orbital Hubbard-

Kanamori model and 
predict a large orbital polarization due to the physics 

described in previous slide 

Increasing U 

Cuprate-like  
Fermi surface ! 



Does this work in practice ? 
à You will know by the end of 

the lecture… 



MIT of Nickelates:  
Puzzles 

•  Naive valence counting (ionic picture): 
•  Ni3+ à 3d7 = t2g

6 eg
1 

•  Orbital degeneracy (1 electron in eg doublet) should lead 
to strong Jahn-Teller distortion à NOT observed ! 

•  Indeed, Ni3+ rarely stabilized, Ni2+ (d8) common (as in NiO) 
•  MIT comes with structural bond-disproportionation 
•  1st order MIT 
•  MIT as Mott transition of ¼-filled eg band NOT a tenable 

picture (fine-tuning required, structural transition and 
evolution over the RE series not accounted for, etc… - 
more below) 



Long-bond (LB)      Short-bond (SB)  
      NiO6 octahedron 

Low-T phase: two types of Ni-sites 

Bond Disproportionation 

METAL: orthorhombic INSULATOR: monoclinic 

a-a-c+ distortion 



Let us look at the DFT bandstructure of the 
low-T (monoclinic) phase: 
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LuNiO3 – monoclinic – DFT/LDA 8 =  
= 2  
× 4 atoms in cell  
eg bands 
(Ni with strong 
admixing of  
oxygen) 

Separated 
into 2  
manifolds 
(~ Peierls  
mechanism) 
by LB/SB  
disp. 
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LuNiO3 – orthorhombic – DFT/LDA * Peierls-like mechanism induces  
a modulation of on-site energies: 
LB sites are lower by Δ/2, SB sites higher by Δ/2 
                            Δ ~ 0.25 eV 
•  Within LDA, the phase is metallic (Peierls gap  
opens at nominal ½-filling position 
à Correlation effects are crucial to account for  
insulating nature 



Long-bond/Short-bond  character 



Strong O-Ni covalency 
eg Wannier functions have  

strongly mixed Ni-O character 

Subedi et al. PRB (2015).  
See also recent work by J.Varignon et al. arXiv:1603.05480  



Some key insights…  



Insight 1: 
Strong covalency of Ni-O bond  

à Formation of “Ligand holes” 
J. Sol. State Chem. 106, 330 (1993) 
Thanks to: J-M Tarascon 



Extreme picture: d8L (= eg
2) rather than d7  

“Negative charge-transfer insulator” 
(Mizokawa, Sawatzky et al.) 

See also: PRB 49, 7193 (1994) mentioning Nickelates  



Insight 2 
LB/SB site disproportionation  
is an alternative route to JT  

in order to lift orbital degeneracy  
and is promoted by Hund’s coupling 

(Mazin et al.)   



Insight 3 - Millis et al.  
Insulating nature of the disproportionated 

phase involves:  
- Mott mechanism on LB sites 

(leaving a large magnetic moment) 
- Screening of moment on SB sites by ligand 

holes on neighbouring oxygens  

Based on DMFT calculation involving all Ni and O states 



(Too) Extreme, but simple, picture: 

d7 + d7 à d8 (LB)   +   d8 L2 (SB) 

S=1 
localized 
moment  
àMott 
insulator 

S=1 moment  
screened  
by two ligand  
holes 
shared by 6 oxygens 
cf. `Kondo insulator’ 

Park, Millis and Marianetti PRL 109, 156402 (2012) 
Johnston et al. PRL 112, 106404 (2014)  



Direct experimental  
evidence  
for Ligand  
Holes:  
XAS - RIXS 

Bisogni et al.  
Nature Comm.  
7.13017  



Relevance of ligand holes to cathode 
materials for batteries 





How can one build  
a simple picture 

taking this physics into account  
and involving only   

the `low-energy’ eg states ? 
 



Simple energetics 
Compare two (extreme) configurations:  

eg
1(LB) + eg

1 (SB)  vs.  eg
2(LB) + eg

0 (SB) 
 corresponding to d7 + d7 à d8 (LB)   +   d8 L2 (SB) ! 

LB SB 

-Δ/2 + Δ/2 = 0 -Δ/2 - Δ/2 + U-3J = U-3J-Δ 

S=1 on LB sites,  
S=0 on SB 
Disproportionation  
of eg occupancy 

S=1/2 on each site 
Orbital degeneracy 
No electronic  
disproportionation 

à Consider the (unusual) regime 

In which the disproportionated configuration is favorable 



Simplest	  Model	  
Simplify	  to	  2	  atoms	  (LB,SB)	  per	  unit	  cell,	  2	  orbitals	  per	  site	  

n.n 
hopping 

Peierls 
modulation 

Kanamori  
interactions  
for eg shell 
U: on-site  
Coulomb 
J: Hund’s 
coupling (+ possibly spin-flip, pair-hopping) 



Two types of calculations  

•  Realistic electronic structure of each phase using 
LDA+DMFT (Dynamical Mean-Field Theory) 
based on eg Wannier functions +  many-body 
interactions (U,J) 

 
•  Calculations with simple model above (also 

solved with DMFT) 

•  Complementary (model+material-realistic) approaches 
help understanding 



LDA+DMFT (eg states only), low-T structure LuNiO3 
Investigation of phases as a function of U,J 

¼ filled Mott  
phase 

Mott+Peierls 
bond disproportionate 
insulator 
(Selective Mott  
on LB sites) 

Note: Location of BDI phase boundary 
is extremely sensitive to value of Δ 
while ¼ filled Mott is NOT 
(hence would require fine-tuning to  
account for ortho metallic vs. mono insulating) 

LuNiO3 – monoclinic – DMFT 

LuNiO3 – orthorombic – DMFT 



What are the implications for 
Orbital Polarisability ? 

•  Obviously a d8 (eg
2) Ni2+ configuration is 

not very favorable… 
•  Two orbitals split by Δc : 

S=1 (HS) configuration: energy U-3J 

S=0 (LS) configuration: energy U-Δc 

à Orbital polarisation requires Δc > 3J ! 
(atomic limit estimate) 



And indeed, experiments reveal some orbital 
polarization under tensile strain… 

but a rather modest one. 



XAS edges: By Atenderholt at English Wikipedia,  
CC BY-SA 3.0,  
https://commons.wikimedia.org/w/index.php?curid=38941860 

X-ray Absorption  
Spectroscopy (XAS) 

(In Wu et al, experiments: 
Ni-L edges) 

Send an X-photon 
Kick an electron from  
a core state  
into the available (empty)  
valence states close to  
Fermi level.  
Using polarized X-rays,  
orbital-resolved  
information can be  
obtained  





Tensile Strain 



(LDA+) DMFT calculations  
yield good agreement with experiments,  

provided: 

•  Either calculation is done by including all 
Ni-3d and O-2p states, with fairly standard 
values of U,J 

•  Or, alternatively, above low-energy 2-
orbital eg description is used, BUT with 
values of U-3J small or negative (that was 
the problem with previous predictions of large 
orbital polarization, quoted above)  



LDA+DMFT calculations  
including all Ni and O states 
are in good quantitative agreement  
with this finding 
Peil, Ferrero &AG PRB 90, 045128 (2014) 
Han, Wang, Marianetti, Millis. 107, 206804 (2011) 
Park, Millis and Marianetti PRB 93, 235109 (2016) 



Distortions and  
c-axis changes  
induced by strain  
(cf. lecture 2) 
- Theory  
(DFT-GGA) -  

O.Peil, M.Ferrero & A.G. PRB 2014 
cf. also May et al PRB 2010 

Tensile à 
Increases tilts 

Compressive à 
Reduces tilts 
Increases in-plane 
rotations 



- Large crystal-
fields are  
needed 

 
- Distortions 

increase  
orbital 

polarisation 

Peil et al. PRB 2014 



How to reach larger orbital 
polarisations ? 

•  Concepts for materials design by the Yale 
group (C.Ahn, S.Ismail-Beigi et al.) 

•  Brief review: APL Materials 3, 062303 (2015) 
•  Chen et al. PRL 110, 186402 (2013) 
•  Disa et al. PRL 114, 026801 (2015) 
•  Seminar by Charles Ahn @ CdF, 2016 



Disa et al.,APL Materials 2015 



Disa et al.,APL Materials 2015 



Disa et al.,APL Materials 2015 



Trends over the RE series 

LuNiO3  
PrNiO3 

As size of RE decreases (distortion increases): 
-  The two manifolds of Peierls-split bands split more  
    and more 
-  Bandwidth of each manifold decreases 
-  Susceptibility to electronic disproportionation increases  
and couples to breathing mode.   
 



Take-home and Perspectives 
•  Consistent picture of insulating phase has now 

emerged 
•  Quantitative DMFT calculations and simple 

model, key parameters identified 
•  Role of breathing phonon to be taken into 

account explicitly and trends over the RE series 
to be understood better: in progress 

•  Orbital polarization: tricolor heterostructures (cf. 
Ahn et al.) or other materials (early TMOs t2g’s) 
with less hybridization to ligands – avoiding 
`negative charge transfer/ligand holes’  


